Parental linkage maps of a segregating population of diploid rose hybrids (2n=2x =14), composed of 365 uni-parental AFLP and SSR markers, have been constructed using a population (n=88) derived from a cross between two half-sib parents (P119 and P117). Of the markers, 157 P119 markers (85 %) mapped on eight linkage groups and 133 P117 markers (78 %) on seven linkage groups. The resulting linkage maps of P119 and P117 spanned 463 cM and 491 cM with an average of interval between markers of 2.9 cM and 3.7 cM, respectively. The present genetic maps were used to identify quantitative trait loci (QTLs) for two growth vigourrelated traits, leaf area and chlorophyll content, using the Multiple QTL Mapping approach. Three QTLs for leaf area and two QTLs for chlorophyll content were identified. The QTLs accounted, in total, for 50.8 % (range 7.0-23.1 %) and 25.8 % (range 7.6-18.2 %) of the total phenotypic variance for leaf area and chlorophyll content, respectively. The detection of highly significant major QTLs enables marker-assisted selection for growth vigour in rose.
INTRODUCTION
Cut and pot roses are mainly cultivated in greenhouses all year around in Northern Europe. To reach optimal production of roses, supplementary heat and light is applied in cool seasons. Rose breeding for cultivars with higher growth vigour is a good approach to reduce energy input in greenhouses. Rose vigour is a complex quantitative trait under polygenic control. Due to a high degree of heterozygosity, the number of genetic analyses of important traits in cultivated roses is limited (De Vries and DuBois, 1996) even though there is a long breeding history in rose. The pseudo-testcross strategy (Grattapaglia and Sederoff, 1994) to study and explore genetic factors underlying qualitative and quantitative traits has been used successfully in rose (Debener and Mattiesch, 1999; Debener et al., 2001; Rajapakse et al., 2001a; 2001b; Crespel et al., 2002) . However, so far few detailed studies of quantitative trait loci (QTLs) controlling important traits have been published.
For a successful QTL analysis, genetic maps with good coverage of genomes with markers are essential. The amplified fragment length polymorphism (AFLP) approach (Vos et al., 1995) has been widely used to create linkage maps in a variety of plant species (Vuylsteke et al., 1999; Hanley et al. 2002; Menz et al., 2002) since it allows rapid generation of markers. Other relevant markers in rose mapping studies are simple sequence repeats (SSRs). SSRs have a codominant and multi-allelic nature and can be employed as anchors to integrate homologous linkage groups.
The aim of the present study was to construct a dense genetic map in rose and show its use for dissection of genetic variation for leaf area and chlorophyll content. The case study exemplifies the ongoing research into the genetic basis (QTLs) underlying growth vigour-related traits and other important traits, such as powdery mildew resistance. The ultimate goal is the use of markers for selection in rose breeding.
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MATERIALS AND METHODS
Rose Genotypes and Phenotypic Evaluation
A diploid rose population (94/1) with 88 genotypes was kindly provided by Thomas Debener. This population was made from a cross between two diploid half-sibs originating from open-pollinated progeny of a R. multiflora hybrid (Debener and Mattiesch, 1999) . New cuttings of each genotype were used for establishing vigourrelated parameters. The experiment was carried out in a greenhouse at Fredensborg in Denmark in the fall of 2001, using a randomized-block design with three replicates and experimental units (plots) of five plants. Secondary shoots synchronized in development were used to measure chlorophyll content and leaf area (and eleven other vigour-related parameters, data not shown) when flower buds were visualized.
Molecular Analysis and Map Construction 1. AFLP Markers. Genomic DNA was extracted from young leaves with the Qiagen Dneasy Plant Mini kit (Westburg, The Netherlands) according to Esselink et al. (2003) . The AFLP protocol described by Vos et al. (1995) was followed using two restriction enzyme combinations, EcoRI/MseI and PstI/MseI, with fluorescent dye-labeled primers. All amplifications were conducted on a Perkin-Elmer 9600 thermocycler with the conditions described in the protocol. Electrophoresis was performed on a 5 % denaturing polyacrylamide gel with loading 1.0 µl of a denatured mixture of 1.0 µl of PCR product and 1.3 µl size standard GeneScan-500 (ROX) loading dye on an ABI Prism 377 DNA Sequencer (Perkin Elmer LTD). AFLP fragment analysis was performed with GeneScan TM version 2.1 and Genotyper TM version 2.0 (PE/Applied Biosystems), as described in the user's manuals. Polymorphic fragments within a size range of 50-500bp were dominantly scored. The AFLP markers were named according to KeyGene recommendations. 2. SSR Markers. Rose genomic DNA libraries enriched for SSRs were constructed (Esselink et al., 2003) . The clones were sequenced and the flanking sequences of DNA were used for primer design. The performance of the designed primers was tested with PCR on genomic DNA. PCR products were separated on a 6 % acrylamide gel and visualized with silver staining to find polymorphism. The genotyping with polymorphic SSRs was performed using an ABI Prism 377 DNA sequencer. Markers were scored either dominantly or codominantly. 3. Map Construction. All data analysis was performed using JoinMap version 3.0 software (Van Ooijen and Voorrips, 2001) . Parental linkage groups were generated separately using male and female uni-parental AFLPs and SSRs. The linkage groups were determined using a minimum LOD threshold of 4.0 and map construction was performed using the Haldane mapping function. 4. Statistical Analysis and QTL Detection. Statistical analysis of the evaluated vigourrelated parameters was performed with Genstat software to obtain estimates of the genotypic and environmental variances (σ g and σ e 2 ). Estimates of broad-sense heritability for entry means were calculated by h m 2 =σ g 2 /(σ g 2 +σ e 2 /r). The means of parameters for the entries in the population and parental maps were employed for QTL analysis using 
RESULTS
Molecular Markers
A total of 57 AFLP primer pairs, of which 34 EcoRI+3/MseI+3 and 23 PstI+2 (or+3)/ MseI+3, were tested and resulted in 469 polymorphic markers. Of the scored markers, 328 were heterozygous in one parent and null in the other (uni-parental markers), while 141 were segregating in both parents (bi-parental markers, data not shown). The average numbers of polymorphic markers generated from EcoRI/MseI and PstI/MseI were 9 and 7, respectively. The number of polymorphic uni-parental loci derived from female parent P119 was similar to that from male parent P117. However, P117 showed a higher proportion of loci with significantly (P<0.005) skewed segregation. Markers derived from both parents were also found with high proportion of distortion (data not shown).
A set of 43 SSR primer pairs was used for genotyping the population. This generated 27 uni-parental and 15 bi-parental markers.
Linkage Analysis and Map Construction
Only uni-parental markers were employed for parental map construction in this study. A total of 185 polymorphic loci (170 AFLPs and 15 SSRs) for P119 and 170 markers (158 AFLPs and 12 SSRs) for P117 were tested for linkage. At a LOD threshold of 4.0, 157 markers (85 %) mapped on eight linkage groups for P119 and 133 markers (78 %) could be assigned to seven linkage groups for P117, each containing a minimum of four markers (Fig. 1) . The resulting linkage groups spanned 463 cM and 491 cM, with an average interval between markers of 2.9 cM and 3.7 cM, for P119 and P117, respectively. Clusters of AFLP markers and gaps with more than 20 cM were found on both parental linkage groups.
Phenotypic Variation and QTL Detection
Among the evaluated thirteen vigour-related traits, leaf area (LA) and chlorophyll content (CC) were analyzed in the study. The frequency distributions of phenotypic values of the traits fitted nearly a normal distribution and showed a transgressive segregation (Fig. 2) . The broad-sense heritabilities of entry means for LA and CC were 85 % and 77 %, respectively. IM and MQM-mapping were subsequently performed using the parental maps. Three QTLs for LA located on 1F, 2M and 4M and two QTLs for CC on 3M and 5M, were identified in this study (Fig. 1) . The QTLs accounted for 50.8 % (range 7.0-23.1 %) and 25.8 % (range 7.6-18.2 %) of the total phenotypic variance for LA and CC, respectively.
DISCUSSION
High-density genetic maps are becoming increasingly useful in genetic research to locate genes of interest and to facilitate marker-assisted breeding. Two restriction enzyme pairs were used in this study and yielded 469 AFLP markers. The average number of markers generated with EcoRI/MseI (9 per pair) is more than that with PstI/MseI (7 per pair), which tends to be a common observation among plant species due to higher sensitivity of PstI to cytosine methylation (Rajapakse et al., 2001b) . Some AFLP markers, in particular from male parent P117 showed highly distorted segregation. The phenomenon is most likely due to gametophytic selection against "sub-lethal" genes related to compatibility, pollen viability and general fitness.
Comparing with to-date published genetic maps of rose (Debener and Mattiesch, 1999; Debener et al., 2001; Rajapakse et al., 2001a; 2001b; Crespel et al., 2002) , the parental maps in this study are more densely developed in terms of either map length or marker density along chromosomes. Nevertheless, genome coverage is still far from saturation as indicated by some gaps of more than 20 cM on both parental linkage groups and the unclear position of one linkage group from P119.
QTLs with relatively large phenotypic effect (more than 18 %) have been found for both traits. In addition some putative QTLs with LOD scores of 2.0 were also observed (data not shown). The present results indicate that QTLs with minor effect also play an important role in the two traits, especially for CC since its heritability is high (77 %). The number of QTLs may have been underestimated here since the present study was performed on a single phenotypic assessment. The detection of highly significant QTLs for the two traits gives clear opportunities for marker-assisted selection in rose. However, further validation of the detected QTLs should be carried out by analysis of the traits under different environmental conditions. Figures   Fig. 1 . Parental linkage groups of P117 (M) and P119 (F) and QTL localization for leaf area (LA) and chlorophyll content (CC). 
